Background. Variations in total heart volume (atria plus ventricles) during a cardiac cycle affect
INTRODUCTION
The characteristics of human cardiac function have been studied for centuries (27) with the knowledge acquired providing detailed insights into the fundamental physiology of this organ.
Although much of this research has concentrated on the characteristics of the individual cardiac chambers, little is known about total heart volume variation during the cardiac cycle and the respective contributors to this variation. The extent of any volume variation is not just of 'academic' concern as it reflects the efficient use of energy by the heart; a large total volume change could result in energy loss through displacement of surrounding tissues or induce a pendular motion of cardiac tissue and blood (11, 12, 14, 20) .
In 1932 Hamilton and Rompf described a relative constancy of the total heart volume during the cardiac cycle in frogs, turtles and dogs (11) . They concluded that through the motion of the atrioventricular plane, the heart was able to pump blood but still maintain the same volume.
Subsequent non-invasive investigations in cats (10) and dogs (12, 14) were concordant with this initial finding of a relatively consistent cardiac volume. Investigations in humans using CT (15) and MRI in ventilated patients (18) have suggested that a volume variation of 8-13% may occur between diastole and systole. However, recent work using high resolution MRI found a lower volume variation of 5% with the largest variation calculated to be at the left heart using individual chamber volume measurements at end-systole and end-diastole (7) .
These studies confirm the presence, but an unclear extent and timing, of total heart volume variation throughout the cardiac cycle at rest. Additional physiological information may be obtained using measurements of blood flow that are easily obtained using MRI. 4 Therefore, the aims of this study were to investigate the magnitude, timing and contributors of the total heart volume change during the cardiac cycle in healthy humans using both the MRIplanimetric method as in earlier studies as well as quantitative velocity mapping MRI (21) . This will allow the opportunity to explore total heart volume variation from a structural (planimetry) and functional (flow) perspective. Using both of these principally different techniques in the same subjects gives the possibility to identify if the volume change is due to a physiological phenomena or a measurement error inherent to the planimetric method (which could explain the large variation between studies). 5 
MATERIALS AND METHODS
Study population and design. Eight healthy volunteers (26-47 years old, five men and three women) were examined after approval of the local ethics committee. Subjects underwent cardiac magnetic resonance imaging in the supine position. Short axis gradient-echo cine imaging encompassing the entire heart from the base of the atria to the apex of the ventricles was followed by blood-flow measurements using velocity mapping in all vessels leading into and out of the heart. Changes in total heart volume throughout the cardiac cycle were calculated directly by planimetry of the gradient-echo cine images and indirectly by subtracting all blood flow out of the heart (aorta and pulmonary artery) from all blood flow into the heart (inferior and superior vena cava and the lung veins).
Magnetic Resonance Imaging. A 1.5 Tesla MRI-scanner (Magnetom Vision; Siemens, Erlangen, Germany) with 25 mT/m maximum gradient strength and 600 µs gradient ramp time was used to acquire all images. i) Volumetric imaging. ECG-triggered gradient-echo sequences were used to obtain cine-images during end-expiratory apnoea (approximately 15 seconds). The number of phases was determined by the RR-interval resulting in 15-21 images per heart cycle. Typical imaging parameters were; repetition time 100 ms (echo sharing resulting in phases every 50 ms), echo time 4.8 ms, flip angle 30 0 , slice thickness 10 mm (edge to edge). Short-axis images (1C and 1D) were taken from cardiac base to ventricular apex perpendicular to the left ventricular longitudinal axis ( figure 1A and 1B). Three long-axis images were obtained in the two-chamber, four-chamber and the leftventricle aortic-outflow-tract views.
ii) Flow imaging. ECG-triggered flow-sensitive sequences (gradient-echo velocity-mapping sequences provided by the manufacturer) were used to measure blood flow in the vessels leading 6 from and to the heart (the aorta, the pulmonary trunk, the superior and inferior caval veins, and the four pulmonary veins). Flow was measured in a perpendicular plane to the vessel. Typical imaging parameters were; repetition time 30 ms, echo time 5 ms, slice thickness 8 mm, velocity encoding of 150 cm/s, 36-47 images per heart cycle. In the case of aliasing the study was repeated with VENC 250 cm/s. No images with aliasing were used for analysis. Velocity information was acquired over one or two heart cycles (acquisition time of 3-7 minutes).
Accuracy and precision of this technique has been thoroughly validated (2, 16, 26) . the atria, ventricles and the roots of the aorta and pulmonary artery. The area was multiplied by slice thickness to give the volume. The volumes of all slices of the heart were added to identify the total heart volume at each phase during the cardiac cycle. The percentage of total heart volume change was calculated as maximum change divided by total heart volume at end-diastole.
Flow measurements. Two different evaluation platforms were used (RADGOP; Context Vision, Linköping, Sweden and Scion Image; Scion Corporation, Maryland). Each blood vessel was manually outlined in the anatomic images for each time point with flow calculation undertaken in the corresponding velocity mapped images. In order to determine the change in heart volume, the difference in the sums of blood flow into the heart (pulmonary and caval veins) and out of the heart (aorta and pulmonary artery flow) were calculated over the cardiac cycle. Total heart volume change by the flow method divided by total heart volume at end-diastole by the volumetric method gives the percentage of total heart volume change for the flow method.
Isolated contribution of systole to change in total heart volume. In order to calculate the total heart volume change that would occur if there were no cardiac inflows to the atria during systole, the combined volume ejected into the aorta and pulmonary artery in systole (the ventricular stroke volumes obtained by the flow method) was divided by the total heart volume at enddiastole obtained by the volumetric method. To calculate how large the filling of the heart is during systole, the combined inflows to the heart were divided by the total heart volume at enddiastole by the volumetric method. To calculate the percentage of the stroke volumes that is secured by the heart by filling of the atria during ventricular systole, the combined inflows during systole were divided by the stroke volumes obtained by the flow method.
Chamber contribution to change in total heart volume. Flow measurements were used to calculate the contribution to the heart volume change from the left and the right side of the heart.
The net volume difference between inflow and outflow to the left side of the heart (pulmonary veins and aorta) from end-diastole to end-systole was divided by the total cardiac volume difference from end-diastole to end-systole. This provided the contribution of the left side (atrium and ventricle) to the total heart volume change in percent. Validation of short axis measurements and inter-observer variability. In order to validate short-axis measurements (which have proven to be the best plane to determine left ventricular volumes (9, 19) and therefore are commonly used in cardiac magnetic resonance imaging) one subject was examined using the frontal, axial, sagittal (5mm image slice thickness) as well as the short-axis imaging planes (10mm image slice thickness). The variation in total heart volume was compared between each of these imaging planes. Interobserver variability were performed by two independent observers in all subjects for volumetric measurements and in the first four subjects for flow measurements.
Statistical analysis.
Continuous variables are presented as mean ± standard error of the mean and with the range of the variables. The inter-observer or method concordance was calculated using the intraclass correlation coefficient (ICC) (25). Bland-Altman analysis (5) and intraclass correlation coefficient (ICC) were used to test if the two methods used to measure changes in total heart volume (volumetric and flow) differed. Paired t-test was used to test if the changes in apex-base length were significant. Pearson's correlation was used to examine the relationship between relative contribution to total heart volume change and starting slice volume.
9
RESULTS
Validation of short axis measurements and inter-observer variability. Good agreement (ICC 0.91) between imaging planes was observed for total heart volume and its variation and was consistent with previous investigations of inter-study variability (4, 24) . Therefore, only one imaging plane (short axis) was used for subsequent subjects. The inter-observer variability of planimetry measurements of total heart volume using short axis images was good (ICC 0.98) and consistent with earlier studies of inter-observer agreement of MRI measurement (4, 6, 24). The inter-observer variability of flow measurements, ICC >0.99, was also acceptable. The agreement between observers is visually demonstrated by the original data in figure 3 where all in-and outflows measured by two observers in one subject is shown.
Characteristics of total heart volume variation during the cardiac cycle. The overall total heart volume variation during a cardiac cycle did not differ between the volumetric and the flow methods; 8.2±0.8% (range 4.8-10.6%) vs. 8.8±1.0% (range 5.6-11.8%), (table 1) . ICC was 0.999 and the difference according to Bland-Altman analysis was -0.6%±1.0% (SD). The magnitude and time course of the total heart volume variation were essentially similar in all subjects (figure 4). It should be noted that the investigated subjects were at rest, with cardiac output of 6.4±0.3 l/min, range 4.7-7.4 l/min; cardiac index 3.4±0.1 l/min/m 2 , range 2.9-3.7 l/min/m 2 and low heart rates, range 53-71 beats per minute.
Examination of the pattern of flow throughout the cardiac cycle, was, however, more complex (figure 5). The pulsatile pattern of the outflow in systole and the more continuous, slightly bipolar, inflow both in diastole and systole (figure 5A) resulted in a variable flow difference between outflow and inflow over time. In systole, outflow was greater than inflow (decrease in cardiac size) while the reverse was true during diastole (figures 5C). These findings were 10 reflected across the study population with the proportion of blood ejected during systole exceeding the filling of the atria during systole; 24±1% (range 18-30%) vs. 15%±1% (range 13-19%) of the total heart volume (p=0.001). During systole 62±2% (range 58-73%) of the stroke volume from the ventricles was secured by filling of the atria (table 1) .
Volume variation according to cardiac chamber. The proportion of total heart volume variation was greater on the left side of the heart, 61±2 % (range 52-70%) compared to the right (table 1) . The predominant volume changes were visually observed where the heart was most adjacent to the lungs while the regional changes in volume at the borders to the liver were less and were essentially absent near the thoracic wall (figure 8B).
Change in slice volumes. The largest volume change during systole was located where the diameter of the heart was largest, i.e. at the base of the ventricles. This coincided with the region of the AV-plane movement ( figure 1 and 6 ). The contribution to change in total heart volume from each individual short-axis slice was relative to the size of that slice (r 2 = 0.43) (figure 7)
resulting in a proportional decrease in volume in all parts of the heart in systole.
Notably, the epicardium of the ventricles and the pericardium are opposed (figure 8) at enddiastole, whereas at endsystole the epicardium of the anterobasal part of the left ventricle is no longer opposed to the pericardium, but instead meets the left atrial appendage. Thus, the appendages can be seen to "fill out" the volume loss resulting from ventricular contraction.
Longitudinal shortening of the heart. There was only minor change in the length of the heart, 0.9±0.5% (range -2-3%, p=0.07) from apex to base, and the apex of the ventricles was essentially stationary (table 1) .
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DISCUSSION
This study has shown a variation of about 8% (range 5-11%) in total heart volume between diastole and systole in healthy individuals measured non-invasively using cine-MRI. Importantly, both the planimetric and flow based methods independently show similar results for total heart volume variation in each individual subject and the reproducibility of each of these techniques was shown to be high. The variation in total heart volume change between subjects likely demonstrates a true physiological variation because of the concordant findings from two independent methods. The variation arises from a decrease in total heart volume in systole due to a discrepancy in blood flow into and out of the heart with no significant longitudinal shortening of the heart during this process. The major contributor to the volume change is the region around the AV-plane movement with a left sided predominance. For any given cardiac MRI short-axis imaging-plane, the change in volume was essentially proportional to the starting volume in that plane.
Earlier studies of total heart volume. Since the days of Da Vinci (27) researchers have attempted to explain the fundamental properties of cardiac function. Much of this work has concentrated on the mechanics of individual chambers; however, the properties of total heart volume and shape are less well explored.
Earlier studies undertaken in this area using animal and human subjects have produced conflicting results regarding the variation of cardiac volume, some reporting no variation (11), some reporting a variation within the measurement error (14) , and others suggesting that a variation indeed exists, although the total heart volume variation varies between studies from 5 to 13% (7, 12, 15, 18) . In 1932 Hamilton and Rompf (11) undertook a study of the heart in frogs, turtles and dogs and concluded that the variation of total heart volume during the heart cycle was 12 minimal and that much of the cardiac output was generated by movement of the atrio-ventricular plane. Subsequent work by Gauer (10) expanded these initial findings by acquiring fluoroscopic ventriculograms of cat hearts and concluded that the 'outside dimensions of the heart ... identical' between systole and diastole. Further studies by Hoffman (12, 15) in dogs were consistent with this observation with a total heart volume variation of 5% that increased with atrial fibrillation.
However, Leithner (18) demonstrated in humans a variation of up to 13% of intracavitary volumes but suggested that this couldn't be considered as total heart volume and therefore was guarded in drawing any conclusions about true total heart volume variation. Bowman et al recently proposed that the total chamber volumes in the pericardium may be less constant than the blood pool content (7) . In the present study, however, we did not find any significant difference between total heart volume variation obtained by flow or planimetric measurements.
The variation between subjects in total heart volume change is likely a true physiological finding because two prinicipally different and independent techniques (flow and planimetry) yielded highly concordant results. This intersubject variation may explain the differing results in total heart volume change found in previous studies.
Physiological relevance. A low total heart volume variation will lower the energy required to move surrounding tissues during filling and emptying of the heart (12). Our qualitative visual assessment and quantitative findings (table 1) have shown that largest volume variation occurred in the region of the AV-plane and slightly more on the left hand side and is consistent with previously published findings (13) . At higher heart rates and cardiac output the momentum of the blood created by the descent of the AV-plane can be used for a more rapid filling of the expanding atria and the reverse motion of the AV-plane. Thus at higher heart rates blood will have a higher momentum, decreasing the requirement of outer volume change in the surrounding tissue, which would save energy. In addition, higher heart rates may result in a lower total heart 13 volume change because of a shortened diastolic phase and this possibly could make the outflow less pulsatile, and hence synchronize the in-and outflow (20) . This could result in a lesser total heart volume change at higher frequencies. This is in line with the findings of Brecher (8),
Nilsson et al (22) and conclusions of Gauer (10) that faster and smaller hearts secure 80% of their stroke volume during ventricular systole. In the present study in humans (larger species and therefore larger hearts and slower heart rates) 64 % (range 55-73%) of the stroke volumes from both chambers were secured into the atria during systole (reservoir function of both atria). The reservoir function of the left atrium in percent of the stroke volume of the left ventricle has previously been reported to be 38% as assessed by Doppler echocardiography (23) and 41% as assessed by MRI (17) . Thus the reservoir function of the right atrium is higher than the left atrium. This can be visualised in the flow curves as a more bipolar flow in the caval veins with the highest peak in systole and a more continuous flow in the pulmonary veins.
In doppler examination of caval and pulmonary veins a similar biphasic pattern of blood flow during systole and diastole into the heart as in the present study has been found (3) and also alteration of cardiac filling according to heart rate (1). At increased heart rate, proportionally greater systolic atrial filling over diastolic flow occurs compared to that which occurs at lower heart rates. These findings with echocardiography are consistent with the previously stated relationship between cardiac volume variation and heart rate, as increased systolic atrial filling would minimize volume variation.
Further studies: Studies with MRI under dobutamine and/or atropine stress would give the opportunity to tease out the effect on total heart volume variation of higher heart rates and cardiac outputs discussed above. This could give new information on the cardiac energetics in man under different physiological conditions. 14 Limitations. The volumetric images in this study were acquired during end-expiratory apnoea.
This potentially may affect cardiac output, pulse rate, and introduce a potential 'valsalva-like' effect on the filling of the cardiac chambers. In addition, the temporal resolution of the volumetric image sequences was 50 ms and thus may under-sample the true end-diastolic and end-systolic dimensions of the heart. Despite these potential errors, the flow based measurements that has a higher temporal resolution (30-40 frames per heart cycle) and is acquired during free breathing, were in close concordance with the volumetric measurements and therefore suggests that these errors are likely to be small at most. It should be noted that the volumetric images are acquired during 15-19 heartbeats per slice and that the flow images are acquired during 256 heartbeats (or 512 when the images were obtained over two RR-intervals). Other imaging limitations inherent to cardiac MR imaging were occasionally present during this study including the 'partial volume effect' which results from a composite image of 1 cm imaging planes. This effect, however, is also likely to be small as demonstrated by the validation of the 1cm short axis slice thickness with 0.5 cm slice thickness measurements in three orthogonal planes.
Conclusions.
The present study has demonstrated in humans that total cardiac volume, during a full cardiac cycle at low cardiac output and heart rate, diminishes 8% (range 5-11%) during systole and predominantly occurs in the region of the AV-plane and on the left side. The total heart volume variation may relate to the efficiency of energy use by the heart to minimize displacement of surrounding tissues while accounting for the energy required to draw blood into the atria during ventricular systole. THV change % Volumetric: Percent Total Heart Volume (THV) change during the cardiac cycle as measured by gradient echo MRI (volumetric measurement). THV change % Flow: Percent THV change as measured by phase-subtraction, velocity-mapping MRI. THV ml: total heart volume (ml). THV/BSA ml/ The outflows of the heart (the aorta and the pulmonary artery, graphs A and B) are more pulsatile than the inflows to the heart (the cava and pulmonary veins, graphs C-H) which are more continuous. The graphs show original data from one subject. Note the agreement between the two observers. There is a decrease in total heart volume in the first part of the cardiac cycle (systole) and a recovery in volume at the later part of the cardiac cycle (diastole). The change in heart volume by the flow measurements was set to begin at the volume of the heart obtained from the volumetric The main part of the change in volume between diastole and systole was located at the base of the ventricles i.e. where the diameter of the heart is largest. A typical finding was a decrease in volume in all slices of the heart during ventricular systole. The largest slices, and the largest contribution to total heart volume change, were found at the midcardiac level, at the region of the AV-plane movement. y-axis: Heart volume change in one slice in percent of total heart volume change in that subject -C (%).
x-axis: Heart volume in one slice in percent of total heart volume at end-diastole -V (%).
The relationship is shown between the relative contribution from a single slice to the total heart volume change (y-axis) and the relative contribution of that slice to the total heart volume (xaxis). The larger a slice is the more it contributes to total heart volume change. The relationship is 
